Approximate entropy (ApEn) of blood pressure (BP) can be easily measured based on software analysing 24-h ambulatory BP monitoring (ABPM), but the clinical value of this measure is unknown. In a prospective study we investigated whether ApEn of BP predicts, in addition to average and variability of BP, the risk of hypertensive crisis. In 57 patients with known hypertension we measured ApEn, average and variability of systolic and diastolic BP based on 24-h ABPM. Eight of these fiftyseven patients developed hypertensive crisis during follow-up (mean follow-up duration 726 days). In bivariate regression analysis, ApEn of systolic BP (Po0.01), average of systolic BP (P ¼ 0.02) and average of diastolic BP (P ¼ 0.03) were significant predictors of hypertensive crisis. The incidence rate ratio of hypertensive crisis was 14.0 (95% confidence interval (CI) 1.8, 631.5; Po0.01) for high ApEn of systolic BP as compared to low values. In multivariable regression analysis, ApEn of systolic (P ¼ 0.01) and average of diastolic BP (Po0.01) were independent predictors of hypertensive crisis. A combination of these two measures had a positive predictive value of 75%, and a negative predictive value of 91%, respectively. ApEn, combined with other measures of 24-h ABPM, is a potentially powerful predictor of hypertensive crisis. If confirmed in independent samples, these findings have major clinical implications since measures predicting the risk of hypertensive crisis define patients requiring intensive follow-up and intensified therapy.
Introduction
Hypertensive crises are a common problem in hypertensive patients. [1] [2] [3] [4] [5] Considering the severe organ damage that potentially follows hypertensive crises, identification of specific patients at increased risk is important. We performed a systematic literature search including all studies evaluating predictors for hypertensive crises and found no study evaluating such predictors in a prospective design. Only three retrospective case-control studies were identified. [5] [6] [7] In these studies, ineffective blood pressure (BP) control as well as non-compliance with antihypertensive treatment was independent risk factor for hypertensive crises. However, there are methodological problems inherent in retrospective case-control studies.
The variability and the approximate entropy (ApEn) of BP might also predict the risk of future hypertensive crises, but, to our knowledge, there have been no prospective studies evaluating their predictive role. ApEn of BP is a novel measure of chaos theory and might be easily measured based on 24-h ambulatory BP monitoring (ABPM). ApEn describes the irregularity of a time series. [8] [9] [10] [11] Animal studies detected chaotic components in the time series of BP. [12] [13] [14] [15] One property inherent in chaotic systems is the possibility of a sudden dissipation. Theoretically, hypertensive crises could be understood as a chaotic dissipation of BP regulation. We therefore hypothesized that patients with high ApEn might be at increased risk of developing hypertensive crises. We also hypothesized that average BP and BP variability based on 24-h ABPM are additional predictors of hypertensive crises. The present study therefore evaluates ApEn of BP, average BP and BP variability for the prediction of hypertensive crises based on a 24-h ABPM.
Materials and methods

Study population
All 63 patients in whom a 24-h ABPM was performed between January 2003 and July 2004 at the medical outpatient unit of the University Hospital of Berne were included in this prospective study. Based on a priori criteria, four patients without previously diagnosed hypertension and two patients with incomplete follow-up were excluded. The remaining 57 patients constituted the study population. They were referred to ABPM by their general practitioner. Hypertension was previously diagnosed in these patients by their general practitioner according to current guidelines. 4 All measurements were recorded in a commercially available system (TM-2430, Boso, Jungingen, Germany) using the oscillometric method. The recording lasted 24 h with a sampling interval of 15 min during daytime and 30 min during night time. Following ABPM, all patients had follow-up visits at our medical outpatient unit or in the practice of their general practitioner every 3-6 months. Patients gave oral informed consent to use the data in this study. The institutional review committee approved the study, which was conducted in compliance with the declaration of Helsinki.
Definition of end point and follow-up
Hypertensive crisis constituted the end point definition. The three following criteria had to be fulfilled simultaneously for the diagnosis of a hypertensive crisis: (1) systolic BP X200 mm Hg, (2) diastolic BP X120 mm Hg and (3) the patient was symptomatic (that is, headache, dizziness and/or chest pain). 4 For the systolic and diastolic BP values, self-reported information on at least two repeated BP measurements at home or record-based information of a single BP measurement in an office or a hospital setting was required. Forty-five patients (78.9% of all patients) had a device for BP self-measurement at home.
Follow-up was obtained from several sources between August and October 2005 by two specially trained physicians who were blind to baseline ABPM. First, outpatient medical records were reviewed in all patients for a diagnosis or a reporting of hypertensive crisis. Hypertensive crisis was verified using recorded BP values. Second, in the remaining patients, in whom no hypertensive crisis was documented, structured patient interviews by phone were conducted. Third, additional information was obtained from the general practitioner using a structured interview, if the structured patient interview did not provide clear enough information on whether a hypertensive crisis had occurred or not. If a patient experienced more than one hypertensive crisis, only the first event was assessed. Follow-up was complete in 57 patients. Follow-up remained incomplete in two patients who underwent ABPM but who moved away and did not communicate their new address. These two patients were excluded from the study.
Scoring of the ABPM ApEn, average and variability of BP (equal to BP variance) were calculated for the time series of systolic and diastolic BP during baseline 24-h ABPM. ApEn was calculated using a standard software package (Chaos Data Analyzer, Physics Academic Software, Raleigh, NC, USA). The algorithm employed for ApEn estimation is from Grassberger and Procaccia. [8] [9] [10] [11] ApEn is close to 0 for time series with pronounced regularity and shows increasing values to 1 with increasing irregularity of the time series.
For an appropriate use of ApEn, a standard procedure, the generation of surrogate time series is required. Surrogate time series are generated by phase randomizing the original time series. 16 The result is a purely random time series with properties (for example, mean, variance) similar to the original time series. In our data, surrogate time series were derived from each original time series of the ABPM, and ApEn was calculated for the surrogate time series. Differences in the ApEn of original and surrogate time series indicate the presence of chaos in the original time series.
Statistical analysis
Data were analysed using Stata software (Stata 8.2, StataCorp LP, College Station, TX, USA). Student's t-test was used for continuous variables after checking for normal distribution and w 2 analysis for categorical variables. A Cox proportional-hazards model was used to determine the covariableadjusted relationship between each variable and the time-dependent outcome. 17 The optimal cutoff point for the dichotomization of variables was determined based on Cox proportional-hazards model and corresponded to the cutoff that maximized the hazard ratio. 17 Kaplan-Meier failure functions were generated to illustrate the ability of the dichotomized variables to stratify the risk. 17 
Results
Baseline characteristics
The baseline characteristics of the study population are summarized in 
Follow-up
The mean length of follow-up was 7267209 days (range: 39471264 days). Eight patients developed hypertensive crisis during follow-up. The mean systolic/diastolic BP at the time of the diagnosis was 214711/12877 mm Hg (range: 200-237 mm Hg for systolic BP and 120-139 mm Hg for diastolic BP). In four patients, diagnosis of hypertensive crisis was based on BP measurements taken at hospital admission or in the emergency room. In the other four patients, diagnosis of hypertensive crisis was made based on at least two repeated BP measurements at home. In none of these eight patients, a known aetiologic condition associated with hypertensive crisis was reported. Five of these eight patients belonged to the group of patients with hypertensive BP values despite antihypertensive drug treatment, the remaining three patients to the group with good BP control under drug treatment.
Prediction of hypertensive crises
The baseline ApEn of systolic BP was significantly higher in patients with hypertensive crisis (mean ApEn 0.60170.099) than in patients without (mean ApEn 0.43370.186) (P ¼ 0.02). No difference between patients with and without hypertensive crisis was observed for the baseline ApEn of diastolic BP (P ¼ 0.71). The baseline average of systolic and diastolic BP was higher in those patients experiencing a hypertensive crisis (mean average 149723/ 87715 mm Hg) than in patients without hypertensive crisis (mean average 138711/8178 mm Hg) (P ¼ 0.04 for systolic and P ¼ 0.06 for diastolic BP). The baseline variability of systolic and diastolic BP was not different between patients with and without hypertensive crisis (P ¼ 0.77 for systolic and P ¼ 0.90 for diastolic BP).
The univariable significance of these six variables (ApEn, average and variability of systolic or diastolic BP) for the prediction of hypertensive crisis was determined in Cox proportional-hazards models ( Table 2 ). The ApEn of systolic BP, the average of systolic BP and the average of diastolic BP were statistically significant predictors of hypertensive crisis. These three risk predictive variables were dichotomized by an ApEn X0.529 (abnormal) vs o0.529 (normal), an average of systolic BP X138 mm Hg (abnormal) vs o138 mm Hg (normal) and an average of diastolic BP X90 mm Hg (abnormal) vs o90 mm Hg (normal). These cutoff points were determined based on the cutoff point that maximized the hazard ratio in the Cox proportionalhazards model. The incidence rate of hypertensive crises was 20.9% for an abnormal ApEn as compared to 1.5% with normal ApEn (Figure 1 ), 11.7% for an abnormal average systolic BP as compared to 4.1% with normal average systolic BP and 27.9% for an abnormal average diastolic BP as compared to 4.6% with normal average diastolic BP. The corresponding incidence rate ratios as well as the diagnostic accuracy of these risk predictive variables are shown in Table 3 .
A multivariable analysis was performed, including age, gender and the three variables, which were predictive of hypertensive crisis in univariable analysis (ApEn of systolic BP, and average of systolic and diastolic BP). The ApEn of systolic BP (P ¼ 0.01) as well as the average of diastolic BP (Po0.01) remained significant and independent predictors of hypertensive crises. In this model, the average of systolic BP was not independent (P ¼ 0.25). We analysed predictive values of different combinations 
Discussion
We believe that our trial is the first prospective longitudinal study on the prediction of hypertensive crisis. It contributes three relevant findings. First, ApEn based on the time series of systolic BP during a 24-h ABPM is a potentially powerful predictor of hypertensive crises. Second, our study prospectively confirms that hypertensive crises are predicted by the average BP of a 24-h ABPM. Third, a combined assessment of ApEn of systolic BP and average diastolic BP resulted in high predictive values and might identify patients at low and at high risk for hypertensive crisis. The three retrospective case-control studies assessing measures for the prediction of hypertensive crises identified an ineffective BP control as risk factor for an emergency department presentation due to hypertensive crisis. [5] [6] [7] However, the diagnostic accuracy of this risk factor could not be assessed as the case-control design did not allow estimating the prevalence of hypertensive crises. The findings of our prospective study confirm that the BP level is predictive of hypertensive crisis and for the first time yield results on the diagnostic accuracy in a hypertensive population.
In this study, ApEn of systolic BP attained the best prediction of hypertensive crises. As an independent risk predictor it may be combined with the average BP. Hitherto, there are no previous studies having evaluated this novel non-linear measure in the context of hypertensive crisis. Only four previous studies assessed ApEn in the context of BP. [18] [19] [20] [21] In these studies, ApEn showed dependence on different states of cardiovascular regulation. ApEn calculation could easily be implemented in software packages accompanying devices for 24-h ABPM.
Our study has potential limitations. First, the sample size of 57 patients was rather small. However, sample size was adequate to perform analyses of the main hypotheses as shown by the corresponding CIs. Second, the patients included in the study were referred for ABPM to control their hypertension. This might have led to a selection of patients with rather severe hypertension thus possibly limiting the generalizability of our data. A replication study is therefore needed. A third limitation was that the diagnosis of hypertensive crisis may have been imprecise. On the one hand, a hypertensive crisis may have been missed since it was impossible to continually monitor BP during follow-up. However, we conducted structured interviews with 53 study participants thus diminishing this probability. Furthermore, a few missed hypertensive crises would not have influenced our results to a large extent. On the other hand, hypertensive crises may have been diagnosed too frequently especially because home BP measurements were valid. However, in four patients hypertensive crisis was present Abbreviations: ApEn, approximate entropy; BP, blood pressure; CI, confidence interval; NPV, negative predictive value; PPV, positive predictive value.
Prediction of hypertensive crisis AW Schoenenberger et al based on the outpatient medical record. In the other four patients, at least two repeated BP measurements were required and home BP measurement in general rather underestimates BP. 22 Fourth, the use of ApEn might be questioned because there is no proof that BP behaviour is chaotic. However, the significant differences between original and surrogate time series provide evidence that the fluctuations in the original time series were not generated at random and that they might represent chaotic behaviour.
This study has important research implications. First, we believe that our trial is the first prospective study showing the possibility to predict hypertensive crises from ApEn of BP. Therefore, ApEn should be included as a predictor of hypertensive crisis in future studies. Second, larger prospective studies are needed to assess further potential risk predictors such as hormonal changes in the renin system and cardiac or renal end organ damage. Third, a confirmatory study should have a sample size adequate to examine the protective effect of different drugs against hypertensive crisis. Fourth, further research is needed to assess the pathophysiology of hypertensive crisis. Some aspects of the pathophysiology of hypertensive crises have been clarified (for example, amplification in renin system activity) and some clinical conditions are associated with hypertensive crises through well-defined pathophysiological mechanisms (for example, in pheochromocytoma, cerebral ischaemia or renal artery stenosis). [23] [24] [25] However, the factors leading to a severe and rapid BP rise are poorly understood in the majority of patients with hypertensive crisis. 3, 26, 27 If BP regulation follows the laws of a deterministic chaotic process, hypertensive crisis might also be a dissipation of BP regulation itself.
In conclusion, ApEn and average of BP during a 24-h ABPM are potential predictors of hypertensive crises. If confirmed in a larger replication study, these measures might be utilized to optimize surveillance and antihypertensive treatment of patients who are prone to hypertensive crises.
What is known about the topic K Risk predictors for hypertensive crises have not been investigated in prospective studies. K Retrospective studies identified ineffective outpatient blood pressure as a risk factor for hypertensive crisis. K Approximate entropy, a measure of chaos theory, has not been assessed as potential risk predictor for hypertensive crises.
What this study adds K The diagnostic accuracy of different risk predictors based on a 24-h ambulatory blood pressure monitoring was assessed in this first prospective study. K The average of systolic and diastolic blood pressure and the approximate entropy of systolic blood pressure based on a 24-h ambulatory blood pressure monitoring were risk predictors of hypertensive crisis. K If confirmed in independent samples, the combination of these measures might identify patients at increased risk of hypertensive crises.
